Iron is an essential micronutrient for plants, required for important metabolic processes such as respiration, photosynthesis, nitrogen fixation and the synthesis of DNA and hormones. 1 Iron deficiency (also called Fe chlorosis) is a widespread nutritional disorder that limits crop yields in many agricultural areas of the world. Since the incidence of Fe-deficiency in crops has increased markedly in recent years, 2 the use of Fe-fertilizers is now greater than ever. The efficiency of Fe-fertilizers derived from synthetic polyaminocarboxylate Fe(III)-chelates has been known since the 1950s. The application of these Fe(III)-chelates is considered to be the most effective way to control Fe-deficiency and, in spite of the high cost, these fertilizers are now commonly used in soil-less horticulture as well as in high value fieldgrown crops. 3 The synthetic polyaminocarboxylate compounds used to produce Fe-fertilizers are strong binding chelating agents from the ethylenediaminecarboxylic acid family, and include ethylenediaminetetraacetic acid (EDTA), diethylenetriami- hydroxy-5-sulphophenylacetic) acid (EDDHSA). All these compounds have high denticity (5 to 8 donor groups available for metal chelation), high affinity for Fe(III), and a structure that allows the formation of highly stable Fe(III)-chelate complexes via simultaneous coordination of several donor groups in a given chelating agent molecule to a single Fe(III) atom. Therefore, the most common coordination arrangement described for the chelation of Fe(III) by these chelating agents is a mononuclear Fe(III)-chelate complex with 1:1 stoichiometry, where Fe is generally found in a sixcoordinate, roughly octahedral field, with the chelating agent coordinating as a sexadentate one.
In spite of the wide use of these fertilizers, the biological and environmental implications of this agronomical practice are still not fully known, with most of the studies being focused on Fe(III)-EDTA and Fe(III)-DTPA. These compounds are now, however, under scrutiny due to their influence on metal availability and mobility, specially because of their persistence in the environment. 4, 5 Parameters related to the efficacy of the synthetic Fe(III)-chelates as fertilizers are tightly regulated in Europe, with several legislation changes in recent years. [6] [7] [8] Regulated items include the list of authorized synthetic chelating agents, the minimal values for water-soluble Fe and total chelated Fe contents, and the Fe content chelated by each authorized chelating agent. In addition, official analytical methods based on atomic absorption spectroscopy (AAS) and high-performance liquid chromatography (HPLC) coupled to UV-Vis have been recently approved to determine the parameters specified by these regulations. [9] [10] [11] [12] [13] The lack of an unique official method for the simultaneous determination of all authorized synthetic Fe(III)-chelates has been mainly due to the low specificity of the detection techniques, which require very good chromatographic separation, especially for compounds with similar molecular structures. Commercial synthetic Fe(III)-chelate fertilizers are obtained by carrying out first the synthesis of the chelating agents and then incorporating Fe(III) from inorganic salts. The first procedures to synthesize chelating agents such as o,oEDDHA and analogues involved the use of HCN 14 and resulted in compounds of a high purity. 15 A novel method using cyanide transfer agents instead of HCN has been developed, although it has not yet been scaled up for industrial applications. 16 Current industrial synthesis processes 17, 18 lead to products which often contain starting chemicals as well as reaction byproducts. 15, [19] [20] [21] [22] [23] [24] [25] [26] For this reason, a common characteristic of these fertilizers is the occurrence of a significant water-soluble Fe fraction not bound to the authorized chelating agents. [20] [21] [22] This is especially relevant in fertilizers containing phenolic groups in the chelating agent structure, where 40-50% of the total Fe can be bound to unknown products. 22 The occurrence of positional isomers and poly-condensate products in Fe(III) Until now, MS studies have focused mainly on the quantification of the active ingredients of Fe(III)-chelate fertilizers using exact molecular masses [26] [27] [28] [29] and isotopic signatures. 30 However, significant structural information can be obtained from collision-induced dissociation (CID) MS/ MS, that provides molecular fragmentation patterns. This technique can be used to identify unknown molecules of the same family (i.e. Fe-containing fertilizer impurities) and also to add authority to the identification of Fe(III)-chelates in environmental matrices, which could be difficult due to the low concentrations present and the complexity of the matrix. 29 Several types of ESI-CID-MS 2 mass spectrometers are available, and these differ in the nature of the fragmentation mechanism employed. For example, the fragmentation mechanism in ion trap devices involves selective excitation of the precursor ion, whereas in quadrupole-time-of-flight (QTOF) spectrometers additional fragmentation of the product ions often occurs. As far as we know, the CID fragmentation of synthetic Fe(III)-chelates has been only reported for Fe(III)-EDTA and Fe(III)-DTPA using a triple stage quadrupole mass spectrometer. 31 The aim of this work was to obtain the CID fragmentation patterns of the nine major commercial synthetic Fe(III)-chelate fertilizers by HPLC/ESI-CID-MS 2 , using two different mass analyzers, a spherical ion trap and a QTOF. ESI-MS(TOF) analysis was carried out in negative ion mode, with endplate, spray tip and orifice voltages of 0.5 kV, 3.0 kV and 75 V, respectively. The nebulizer gas (N 2 ) pressure, drying gas (N 2 ) flow rate and drying gas temperature were 0.8 bar, 4.0 L min À1 and 1808C. Spectra were acquired in the m/z 100-800 range and the mass axis was calibrated externally using Li-formate adducts (10 mM LiOH, 0.2% (v/v) formic acid and 50% (v/v) 2-propanol). ESI-ion trap-MS analysis was carried out in negative ion mode, with Smart Parameter Settings optimized for each m/z value. The nebulizer (N 2 ) gas pressure, drying gas (N 2 ) flow rate and drying gas temperature were kept at 0.7 bar, 4.0 L min À1 and 3508C. Spectra were acquired in the m/z 50-1200 range, using the 'Ultra scan' mode, and the mass axis was externally calibrated with a tuning mix (from Agilent Technologies). ESI-MS(QTOF) analysis was carried out in negative ion mode, with capillary and endplate offset voltages of 3.0 kV and -500 V, respectively, and a collision cell energy of 10 eV. The nebulizer (N 2 ) gas pressure, drying gas (N 2 ) flow rate and drying gas temperature were 0.4 bar, 4.0 L min À1 and
2008C. Spectra were acquired in the m/z 50-1200 range. The mass axis was calibrated externally using Na-formate adducts (10 mM NaHCO 2 in 1:1 2-propanol/water).
HPLC/ESI-MS analysis was carried out with an Alliance 2795 HPLC system (Waters, Mildford, MA, USA) coupled to the TOF or the ion trap device, and an 1100 HPLC system (Agilent Technologies) coupled to the QTOFMS instrument. HPLC was carried out with a Waters Symmetry C 18 column (5 mm particle size, 2.1 Â 150 mm), protected by a Waters Symmetry C 18 guard column (3.5 mm particle size, 2.1 Â 10 mm), and a gradient of methanol and Milli-Q water with a constant concentration of 1 mM ammonium acetate at pH 6.0. 28 The column temperature was 308C, and the injection volume and flow rate were 20 mL and 100 mL min
À1
. To allow coupling with the HPLC system, the nebulizer gas (N 2 ) pressure and the drying gas (N 2 ) flow rate were increased, respectively, to 1. Fe atoms would give m/z differences of 1, 2 or 3 units.
ESI-CID-MS 2 and HPLC/ESI-CID-MS 2 analysis
ESI-CID-MS 2 analyses were carried out with two different types of mass analyzers, the ion trap and the QTOF described above, both equipped with ESI sources. The MS 2 operating conditions were optimized individually in order to maximize product ion signals in both instruments, using direct injection of 10 mM solutions of each Fe(III)-chelate. General conditions for the ion trap and QTOF instruments were those described previously in the ESI-MS analyses section. ESI-CID-MS 2 (ion trap) analysis was carried out in the 'Ultra scan' mode using He as the collision gas, an optimal amplitude voltage of 0.5 V and an isolation width for the precursor ion of 5 m/z units. The HPLC systems and conditions were the same as those described in the previous section. ESI-CID-MS 2 (QTOF) analysis was carried out using Ar as the collision gas, with an optimal collision cell energy of 15 eV and an isolation width for the precursor ion of 5 m/z units. Product ions were identified using the Smart Formula and Smart Formula 3D TM tools of the Data Analysis v. . The CO 2 H loss found with the Fe(III)-DTPA chelate probably occurred because, among the several polyaminocarboxylate Fe(III)-chelates studied, Fe(III)-DTPA is the only one having a carboxylic acid group (protonated at the neutral pH used) not bound to the Fe atom. Furthermore, when using the MS(TOF) instrument additional decarboxylation product ions (2-4, depending on the specific chelate) were obtained even at minimal collision energies ( Table 1 ). The formation mechanism of decarboxylation product ions could be an acleavage, known to occur in carboxylate anions and resulting in stable carbanion species. In all the Fe(III)-chelates studied Table 1 . Ions produced in negative ESI-MS analyses of Fe(III)-chelates used as fertilizers with different mass analyzers: TOF, ion trap and QTOF. Numbers in parentheses indicate the relative intensity signal, taking the major peak as 100%. Data were acquired by injecting 10 mM solutions of each analyte in water the N atoms have a carboxylic group in the b-position, that can easily undergo decarboxylation to form the corresponding carbanion at the a-position, which is stabilized by the N atom. Single decarboxylation ions were observed for all Fe(III)-chelates with the exception of Fe(III)-DTPA. The Fe-O bonds in the heptacoordinated Fe(III)-DTPA (see structure in Fig. 1(B) ) are weaker than those in the other Fe(III)-chelates studied, where Fe is hexa-or penta-coordinated. The CO 2 loss involving the Fe-O bond cleavage would be therefore favored in Fe(III)-DTPA and it is likely that single decarboxylated ions (which are still heptacoordinated) could not be detected due to a rapid second decarboxylation. that should give a m/z difference of 2 or 3 units. In addition, for all identified MS(QTOF) product ions, the most accurate elemental formulae assigned by the Data Analysis software formula tools gave an odd electronic configuration, indicating that the Fe atom was in the Fe(III) form. At this stage, highly accurate elemental formulae were assigned for most product ions and losses with respect to the corresponding precursor ions (Figs. 1, 2 and 4) . Based on these data, structures for the product ions were proposed in some cases (Fig. 2) . According to the fragmentation pathways found, the Fe(III)-chelates can be separated into two groups, non-phenolic and phenolic. Fig. 1(B) ), which gave only the double decarboxylation product (m/z 357.1). This could be explained (see above) by the relative weakness of the Fe-O bonds of the heptacoordinated Fe(III)-DTPA, compared with those of the hexacoordinated Fe(III)- chelates. A triple decarboxylation product was also found in Fe(III)-EDTA ( Fig. 1(A) ) and Fe(III)-DTPA ( Fig. 1(B) Fig. 1(A) ). In the case of Fe(III)-DTPA, losses of the radical C 3 H 3 O 4 and the neutral fragment C 6 H 9 NO 4 yielded product ions at m/z 342.0 and 286.0, respectively ( Fig. 1(B) ). Fe(III)-HEEDTA and Fe(III)-CDTA had losses of C 4 H 5 NO 4 and C 8 H 10 O 4 , yielding product ions at m/z 199.0 and 228.0, respectively (Figs. 1(C) and 1(D) ). All these product ions were confirmed using 57 Fe-labelled chelate standards.
ESI-CID-MS
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Non-phenolic Fe(III)-chelate CID spectra
Phenolic Fe(III)-chelate CID spectra
The CID spectra of phenolic (Fig. 3) . These ions had a m/z difference of only 0.055 and 0.057 units, for Fe(III)-EDDHMA and Fe(III)-o,oEDDHA, respectively, and corresponded to a loss of 2CO 2 for the higher m/z peak and a loss of the radical C 3 H 6 NO 2 for the lower one. The formation of these two product ions depended on collision energy, and the double decarboxylation was favored at low energies, whereas the loss of the radical C 3 H 6 NO 2 was more pronounced at higher energies (Fig. 3) The CID spectra of a second group of phenolic chelates, Fe(III)-EDDCHA and Fe(III)-EDDHSA, are shown in Fig. 4 . A single and a double decarboxylation occurred in both cases, resulting in product ions at m/z 456.0 and 412.0 for Fe(III)-EDDCHA (Fig. 4(A) ) and 528.0 and 484.0 for Fe(III)-EDDHSA (Fig. 4(B) ). The loss of the radical C 4 H 4 NO 4 , that resulted in the product ion at m/z 370.0 for Fe(III)-EDDCHA, was also found in other phenolic Fe(III)-chelates (Fig. 2) , but not in Fe(III)-EDDHSA (Fig. 4(B) ). An intense product ion, specific for Fe(III)-EDDCHA, occurs at m/z 250.9 and corresponds to the loss of C 12 H 11 NO 5 (Fig. 4(A) (Fig. 4(B) ). Table 1 ).
Identification of unknown Fe compounds in commercial fertilizers by HPLC/ESI-MS and HPLC/ESI-CID-MS
The CID-MS 2 spectra obtained (data not shown) always (Fig. 5, where panel (A) shows the m/z 453.1 trace and panel (B) shows the m/z 484.0 trace). The peak intensities of these compounds (2 Â 10 4 ) were one order of magnitude lower than those of the main fertilizer active ingredient, Fe(III)-o,oEDDHA (3 Â 10 5 ), indicating that they were relatively minor but significant impurities in the fertilizer formulation. Using the mass exact measurements and the isotopic signatures, a list of potential elemental formulae was proposed ( Table 2 ). The selection criteria for elemental formulae assignment were mass accuracy, electronic configuration, H/C ratio and SigmaFit TM value.
It should be noted that since synthetic Fe(III)-chelate fertilizers are prepared using inorganic Fe(III) salts, it was assumed that Fe was present as Fe(III), and therefore only an odd electronic configuration was allowed. For the ions at m/z 453.1, four formulae gave an error <2.25 m m/z units with an odd electronic configuration and an H/C ratio <2 (see Table 2 ). For the ions at m/z 484.0, five formulae matched the same criteria (see Table 2 ). The Fe-containing ions at m/z 453.1 eluted as two peaks at 22.5 and 25.6 min, with identical CID-MS 2 (QTOF) spectra (inset in Fig. 5(A) ). These retention times were very close to those of the racemic and meso isomers of Fe(III)-o,oEDDHA (retention times of 21.5 and 23.9 min, respectively). The CID spectra of these unknown compounds showed similar fragmentation patterns (in Fig. 5(A) ) to that of Fe(III)-o,oEDDHA (Fig. 2(B) ). For example, single and double decarboxylations were observed, accounting for the product ions at m/z 409.1 and 365.1, respectively (Fig. 5(A), inset) . The two losses of CO 2 indicated that the elemental formula should have at least four oxygen atoms. Among the most likely elemental formulae (Table 2) (Fig. 5(A) ), in good agreement with the formula FeC 20 H 19 N 3 O 6 proposed above. Since that compound has two chiral C atoms and is asymmetric, two d,l-racemic mixtures are possible, and this fits with the two separate peaks found in the HPLC runs.
The Fe-containing ions at m/z 484.0 eluted as a group of peaks at 23 min with a common CID-MS 2 (QTOF) spectrum (inset in Fig. 5(B) ). The retention times were also close to those of Fe(III)-o,oEDDHA. The CID spectra showed similar losses to those found with Fe(III)-o,oEDDHA (Fig. 2(B) ). For example, product ions at m/z 440.0 and 397.0 corresponded to losses of CO 2 and C 3 H 5 NO 2 , respectively ( Fig. 5(B) (Fig. 5(B) ), in good agreement with the formula FeC 20 H 16 N 2 O 9 . Since such a compound has three chiral centers (2 C and 1 N), eight isomers are possible, which could explain the elution of this compound as a group of poorly resolved peaks.
DISCUSSION
This is the first time, to our knowledge, that a comprehensive study of the CID spectra of the most common synthetic Fe(III)-chelates used as fertilizers has been carried out. ESI-CID-MS 2 spectra were obtained with two mass analyzers (QTOF and ion trap) that use different fragmentation mechanisms. The ferric chelate CID-MS 2 (QTOF) spectra always showed a higher number of product ions than were obtained with the ion trap, and this was particularly useful to differentiate among positional isomers. The combination of rich CID spectra, high resolution and exact mass determination obtained with a QTOF analyzer was a powerful tool for the characterization of fragmentation patterns and the identification of unknown compounds in commercial Fe(III)-chelate fertilizers.
Differences in fragmentation patterns were found among synthetic Fe(III)-chelates, especially when using the QTOF analyzer. However, some common characteristics were observed, since decarboxylation fragments were always and was present as two d,l-racemic mixtures that were well separated by HPLC (Fig. 5(A) ). The presence of such a compound in Fe(III)-EDDHA fertilizers can be explained by the fact that the starting reagent, ethylenediamine, 18 may contain significant amounts of diethylenetriamine. 35 In addition, dehydrogenation of diethylenetriamine has been reported in a Pt(IV)-chelate. 36 The unknown compound with M.W. 485.0 was proposed to be Fe(III)-o,oEDDHA with an additional glyoxyl group; this compound was putatively assigned to Fe(III)-ethylenediamine-N-glyoxyl-N,N 0 -bis(ohydroxyphenylacetate) (Fig. 5(B) ). The eight possible stereoisomers of this compound were not well separated by HPLC (Fig. 5(B) ). analyses and NMR analyses of deferrated fertilizers. 23, 24 Since the HPLC/UV-Vis and HPLC/ESI-MS direct analyses provide limited structural information compared with NMR, the identity of the impurities has been putatively assigned in most cases, with only a few confirmations through the synthesis of standards (e.g. Fe(III)-o,pEDDHA). Although NMR provides comprehensive structural information allowing for the direct identification of the deferrated impurities, it is not possible to know whether they actually bound Fe in the fertilizer. In addition, the deferration process could alter the original composition of the fertilizer, as occurs with Fe-EDDHA fertilizers, where significant losses of o,oEDDHA and its minor isomers were observed upon deferration. 41 A more recent approach to the investigation of the impurities of Fe-chelate fertilizers (applied to Fe(III)-EDDHA) was based on modifying the industrial chelating agent synthesis to favor the generation of byproducts, and then analyzing the reaction mixtures by ESI-CID-MS 2 . 25 However, the presence of most of the impurities found in that study has not been confirmed so far in commercial fertilizers.
CONCLUSIONS
The HPLC/ESI-CID-MS 2 (QTOF) technique allows differentiation among the most common synthetic polyaminocarboxylate Fe(III)-chelates used as fertilizers. This study is not intended to replace the existing methods for the quantification of the synthetic Fe(III)-chelates in fertilizers, but adds authority to their identification, especially in complex matrices where isobaric interferences can appear. Furthermore, the methodology has permitted the identification of two Fe-containing impurities in a Fe(III)-EDDHA-based commercial fertilizer. Therefore, the data found and the methodology described here should provide a basis for the further characterization of the water-soluble fraction of Fe(III)-chelate fertilizers. This would be of importance in issues related to crop Fe-fertilization, both from agricultural (fertilizer quality and efficiency, etc.) and environmental (persistence, mobility, metal mobilization, etc.) points of view.
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